Background: Diet-induced obesity leads to a chronic low grade inflammation with production of activated macrophages associated with systemic sexually dimorphic metabolic dysfunction. Results: Males have enhanced myelopoiesis and a proinflammatory response to obesity compared with females. Conclusion: Sex differences in myelopoiesis result in dimorphic responses to obesity-induced inflammation. Significance: Given differences in inflammatory responses, targeted treatment strategies are probably required for males and females.
Women of reproductive age are protected from metabolic disease relative to postmenopausal women and men. Most preclinical rodent studies are skewed toward the use of male mice to study obesity-induced metabolic dysfunction because of a similar protection observed in female mice. How sex differences in obesity-induced inflammatory responses contribute to these observations is unknown. We have compared and contrasted the effects of high fat diet-induced obesity on glucose metabolism and leukocyte activation in multiple depots in male and female C57Bl/6 mice. With both short term and long term high fat diet, male mice demonstrated increased weight gain and CD11c ؉ adipose tissue macrophage content compared with female mice despite similar degrees of adipocyte hypertrophy. Competitive bone marrow transplant studies demonstrated that obesity induced a preferential contribution of male hematopoietic cells to circulating leukocytes and adipose tissue macrophages compared with female cells independent of the sex of the recipient. Sex differences in macrophage and hematopoietic cell in vitro activation in response to obesogenic cues were observed to explain these results. In summary, this report demonstrates that male and female leukocytes and hematopoietic stem cells have cell-autonomous differences in their response to obesity that contribute to an amplified response in males compared with females.
Obesity and its medical sequelae contribute to individual morbidity and are a burden to healthcare costs. Although obesity is rising in prevalence and incidence in the United States, not all obese individuals are at equal risk for obesity-induced cardiovascular and metabolic diseases. For example, reproductive aged women are relatively protected from cardiovascular disease compared with age-matched men (1) . Estrogen receptor signaling probably contributes to many of these effects, but because estrogen replacement therapy alone is not sufficient to improve health, other mechanisms are likely involved (2) . Sex differences in adipose tissue depot development, cell intrinsic differences in preadipocyte proliferation and differentiation, and modulatory effects of sex steroids on adipocytes have been proposed to contribute to the sexually dimorphic differences in obesity-associated metabolic disease (3) .
Advances in the field of immunometabolism have established strong connections between the chronic inflammation induced by obesity and diseases such as atherosclerosis, type 2 diabetes, cancer, and autoimmune diseases (4) . Activation of myeloid cells (monocytes, macrophages, and neutrophils) is a prominent signature of human and animal models of obesity both systemically and in tissues such as adipose tissue (5) . Recent investigations have shown that enhanced myelopoiesis with high fat diet exposure in male mice is a significant mechanism in the generation of obesity-induced inflammation (6 -8) .
Obesity triggers an expansion of hematopoietic stem cells (HSCs) 2 and myeloid progenitors with a subsequent increase in activated monocytes (Ly6c hi /CCR2) (9, 10) . These monocytes traffic to obese adipose tissue and form CD11c ϩ M1-like adipose tissue macrophages (ATMs) producing activated cytokines and an inflammatory environment that contributes to insulin resistance (11) .
One aspect that has not been thoroughly investigated is the role that sex differences in inflammatory responses may play in obesity and metabolic dysfunction. Several preclinical studies in rodents identify a blunted pattern of inflammatory gene expression in female visceral adipose tissue with diet-induced obesity (DIO) (12) (13) (14) . This correlates with a decrease in crown-like structures, hallmarks of adipose tissue inflammation, in obese female mice compared with males, but the mechanisms that generate this difference have not been elucidated. Sex differences in inflammatory responses in other settings agree with this and suggest that intrinsic differences in innate immunity may regulate metabolism. A wide range of reports have demonstrated sex differences in innate immune responses and hematopoiesis (15) . Although females have a robust humoral immune mediated response in many autoimmune diseases (15), compared with males, females have attenuated innate immune responses to systemic infections and a lower incidence of severe sepsis (16) . Peripheral blood monocytes from female patients produce less TNF␣ in response to LPS activation compared with males (17) .
Understanding sex differences in metainflammation induced by obesity is required to improve our interpretation of preclinical studies in animal models of obesity. The majority of studies evaluating the inflammatory effects of high fat diet (HFD) report data from either male or female mice exclusively (18 -20) , making it difficult to understand the broader applicability of these observations. This is especially relevant to obesity research, where patients seeking bariatric surgery for obesity treatment are overwhelmingly female (21) . Because few studies have directly evaluated the metainflammatory response to DIO based on gender, we compared and contrasted innate immune cell activation and hematopoiesis in response to DIO feeding in age-matched male and female C57Bl/6J mice. Our studies identify cell intrinsic enhancement in myeloid cell production from hematopoietic stem cells in male mice as a mechanism that contributes to the sexual dimorphic responses to obesity.
Experimental Procedures
Animals and Animal Care-Mice used in these experiments were male and female C57Bl/6J or CD45.1 CD57 Bl/6J mice (B6.SJL-Ptprca Pepcb/BoyJ ) purchased from Jackson Laboratories. Heterozygous CD45 1.2 mice were bred for BMT experiments. Mice were fed ad libitum either a control normal diet (ND) consisting of 13% fat (5001, LabDiet) or a HFD of 60% of calories from fat (D12492, Research Diets, Inc.) starting at 6 weeks of age for 6 or 16 weeks duration. Glucose tolerance testing was performed after 6 h of fasting. Animals were housed in a specific pathogen-free facility with a 12-h light/12-h dark cycle and given free access to food and water. All animal use was in compliance with the Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory Animals and approved by the University Committee on Use and Care of Animals at the University of Michigan (Animal welfare assurance number A3114-01). Comprehensive Lab Animal Moni-toring System (CLAMS; Columbus Instruments) analysis of metabolism in individually housed mice was performed at the University of Michigan Metabolomics and Obesity Center Animal Phenotyping Core.
Adipose Tissue Stromal Vascular Fraction (SVF) Isolation and Flow Cytometry-Adipose tissue fractionation and flow cytometry analysis were performed as described previously (22) . SVF cells were stained with CD64 PE, CD45.1 PECy7, CD45.2 e450, and CD11c-PE-Cy7 (eBioscience) (23) , and gating was performed for macrophage populations and by CD45 gates to determine donor or recipient cell populations.
Flow Cytometry Assessment of HSC and Myeloid Progenitors-Bone marrow from one femur was flushed with PBS and, using a syringe, made into a single cell suspension and spun. Pellet was then treated with RBC lysis solution for 5 min. After resuspension in PBS and washing, cells were stained with lineage markers on APC (CD4, CD5, CD8, CD11b, B220 (CD45R), Gr1, Ter119, and CD41), CD117-APCCy7, Sca1-PECy7, CD16/32 PerCP5.5 (eBioscience), CD150-PE, and Endoglin-Pacific Blue (Biolegend) and gating as described by Pronk et al. (24) .
Colony-forming Unit Assays-Bone marrow from a femur was flushed with Iscove's modified Dulbecco's medium. This marrow was then treated with fatty acid-free BSA or palmitic acid (10 M; purchased from Sigma) in fatty acid-free BSA for 1 h at 37 ºC. Cells were then resuspended in methocult medium and plated at 10,000 cells/plate/protocol (Stem Cell Technologies, Inc.). After 7 days, colonies were counted.
Bone Marrow Transplantation-Bone marrow cells were isolated from donor groups (25) and injected retro-orbitally into lethally irradiated (900 rads) 6-week-old recipient mice (10 million cells/mouse). Animals were treated with antibiotics (polymyxin and neomycin) for 4 weeks post-BM transplantation. Following 2 weeks of normal chow diet, they were started on ND or HFD diets as detailed under "Results." Glucose tolerance testing was performed as described (10) after 6 h of fasting with an intraperitoneal injection of 0.7 g/kg dextrose.
Statistics-Results are presented as mean Ϯ S.E. Two-way analysis of variance was performed with factors of sex and diet. If there was a main effect for either factor, then t tests were performed for male versus female differences within each diet or for diet groups within each sex, respectively.
Results

Male Mice Have Increased Adiposity with DIO Compared
with Females-To assess sex differences in inflammatory responses to obesity, 6-week-old male and female C57Bl/6J mice were fed control ND or HFD (60% kcal from fat) ad libitum ( Fig. 1A) . To assess when divergent inflammatory responses to obesity occur between male and female mice, we assessed sex differences in metabolism and inflammatory cell activation in short term (6-week) and long term (16-week) DIO paradigms.
After 6 weeks, ND-fed males and females gained similar amounts of body weight (p ϭ 0.78). HFD-fed males gained 54% and females gained 42% of their original weight (p ϭ 0.046) ( Fig.  1B ) associated with a significant increase in gonadal fat pad weight (gonadal white adipose tissue; GWAT) in males com-pared with females ( Fig. 1C ). Body composition assessment at 9 weeks showed that ND-fed females had a higher percentage of body fat compared with ND-fed males ( Fig. 1D ). Both HFD-fed male and female mice showed a significant increase in percentage of body fat compared with ND-fed controls. In HFD conditions, male mice had a higher percentage of body fat and lower percentage of lean mass than female mice.
To evaluate the mechanism for the differential response to HFD between sexes, mice were assessed for food intake and energy expenditure in metabolic cages. Males and females had the same daily caloric intake regardless of diet ( Fig. 1E ). Female mice on ND had increased total energy expenditure ( Fig. 1F ) compared with their male counterparts. HFD-fed female mice had higher energy expenditure compared with males ( Fig. 1F ).
The respiratory exchange ratio was similar between sexes and was decreased in HFD-fed mice compared with ND in both sexes. There were no significant differences in fat or glucose oxidation between sexes in ND-fed mice. However, HFD-fed female mice had increased glucose oxidation compared with male mice and a significant increase in oxygen consumption (VO2) and activity ( Fig. 1G ).
After 16 weeks of HFD, there was significant weight gain in both sexes ( Fig. 1H ). HFD-fed male mice gained more weight and were significantly heavier than female mice at the end of the study (Fig. 1I , p Ͻ 0.0001). HFD induced significant hypertrophy of GWAT in both sexes, with GWAT weighing more in males compared with females ( Fig. 1J ). However, when corrected for total body weight, GWAT was expanded equally between male and female mice with HFD ( Fig. 1K ). When subcutaneous inguinal fat pads (inguinal white adipose tissue; IWAT) were evaluated, HFD induced a significant expansion of IWAT in male mice that was more profound compared with female mice (Fig. 1L ), especially when expressed as a percentage of total body weight ( Fig. 1M ).
Assessment of adipocyte cross-sectional area demonstrated the induction of adipocyte hypertrophy in GWAT in both sexes with HFD. After 6 weeks of diet, female mean adipocyte size was smaller then male adipocytes ( Fig. 1N ), but the average size and degree of adipocyte hypertrophy was similar between sexes after 16 weeks of HFD ( Fig. 1O ). Evaluation of the size distribution showed that HFD-fed female mice had an increase in the proportion of medium sized adipocytes compared with males ( Fig. 1O) . Overall, these studies demonstrate that the relative protection from DIO in female mice is evident as early as 4 -6 weeks and is due to an increase in energy expenditure characterized by increased fat and glucose oxidation as well as activity.
Male Mice Are More Sensitive to DIO-induced Glucose Intolerance Compared with Females-Fasting glucose levels were elevated to a similar degree in both males and females after 4 weeks of diet ( Fig. 2A ). Fasting insulin levels were not changed with HFD feeding in either sex during this short term diet challenge, but they were lower for all female groups compared with males ( Fig. 2B ). After 10 weeks of diet challenge, serum glucose and insulin were assessed in the long term HFD feeding. HFDfed male mice had significantly higher fasting blood glucose and insulin levels compared with ND controls (Fig. 2C ). At this time, no significant differences in fasting glucose and insulin levels were seen in HFD females compared with ND-fed controls.
A glucose tolerance test was performed at 12 weeks of feeding after 6 h of fasting. No significant differences in glucose tolerance testing were seen between ND-fed male and female mice ( Fig. 2D ). Both HFD-fed male and female mice had glucose intolerance compared with sex-matched ND controls ( Fig.  2E ). Compared with HFD females, HFD-fed male mice demonstrated more glucose intolerance, primarily in the later stages of the glucose tolerance test. At 16 weeks of HFD, serum analysis showed significantly higher fed glucose levels in HFD-fed animals ( Fig. 2F ). Females had lower insulin levels than males ( Fig. 2G ).
Liver microsteatosis was noted in male HFD mice as early as at 6 weeks of HFD challenge (Fig. 2H ). Liver steatosis at 16 weeks of diet was prominent in male mice on HFD but not females (Fig. 2I) .
These results demonstrate that short term DIO induces similar degrees of fasting hyperglycemia in males and females, with male mice showing increased adipose tissue hypertrophy. With long term DIO, hyperinsulinism and liver steatosis are more prominent in males despite similar increases in adipocyte hypertrophy and adiposity in females. Given this, we next examined how inflammatory responses to DIO differed between males and females as a contributor to the metabolic dysfunction seen in males.
Increased Adipose Tissue Inflammation in HFD-fed Male Mice-Crown-like structures are a hallmark of obesity-induced inflammation and ATM accumulation in adipose tissue. Histologic analysis of GWAT from 16-week HFD-fed mice demonstrated a significant induction of crown-like structures in male mice but not females (Fig. 3A ) despite similar adipocyte hypertrophy. Gene expression analysis demonstrated an increase in several proinflammatory genes (Il1b, Nos2, and Tgfb) in GWAT in male HFD mice, whereas Il10 was unchanged ( Fig. 3B ). Consistent with the observed differences in the recruitment of monocyte/macrophages into GWAT, Ccl2/Mcp1 expression MAY 22, 2015 • VOLUME 290 • NUMBER 21
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was increased in males on HFD but not females ( Fig. 3C ). Expression of leptin (Lep) was increased to similar degrees in males and females with HFD ( Fig. 3C) . Pparg was increased in males on HFD but not females. Adipoq was increased in HFD females but not males (Fig. 3C ). In IWAT, a different pattern in gene expression was observed. Il1b was reduced on HFD, and Nos2 was increased in both males and females on HFD ( Fig. 3D ), with no difference in Il10. Ccl2 increased with HFD but with much lower levels of expression and lower levels in female mice (Fig. 3E ). Lep had expression patterns similar to those of GWAT, but Pparg was higher in IWAT of females and Adipoq was higher in GWAT. Overall, these data show that the activation of inflammatory gene expression in GWAT with HFD is more prominent in males compared with females.
CD11c ϩ ATMs Are Induced in Gonadal Fat in Male Mice but Not Females Despite Similar Adipocyte Hypertrophy-To date, few, if any, studies have systematically compared adipose tissue leukocytes in diet-matched male and female mice. To assess this, we examined ATM induction in GWAT from 16-week-fed mice by flow cytometry (Fig. 4A ). ATMs were defined using CD64, a recently identified specific marker for murine macrophages (26) . Total CD45 ϩ leukocytes in the SVF were similar in male and female ND-fed mice (Fig. 4B ). With HFD, CD45 ϩ cells were induced in males but not females. In ND-fed mice, males had more total CD64 ϩ ATMs in the SVF compared with females ( Fig. 4C ) even when normalized to fat pad weight (Fig.  4D) . The difference between HFD male and female ATMs was primarily driven by the substantial induction of CD11c ϩ ATMs in male GWAT that was absent from HFD females (Fig. 4 , E and F). Interestingly, female mice demonstrated an increase in CD11c Ϫ ATMs with HFD, which are primarily composed of a resident macrophage population (Fig. 4G ). This induction was not seen in males. These changes resulted in an increase in the ratio of CD11c ϩ to CD11c Ϫ ATMs in male obese mice but not females (Fig. 4H ). Dendritic cell populations were higher in females compared with males and were only induced in male GWAT with HFD ( Fig. 4I) . Overall, this demonstrates that HFD generates different patterns of ATM accumulation in GWAT in males and females.
Myelopoiesis Is Enhanced in Male Mice Fed HFD-The increase in CD11c ϩ ATMs in male mice occurred despite similar adipocyte and GWAT hypertrophy between sexes. This suggests that a mechanism of increased adipose tissue inflammation in males relates to enhancement in the myeloid machinery that promotes ATM trafficking to adipose tissue, the primary mechanism of CD11c ϩ ATM accumulation (9, 10) . Obesity is associated with increases in circulating myeloid cells (neutrophils and monocytes) in human and mouse models (10) . Since CD11c ϩ ATMs are primarily generated by recruitment from BM-derived monocytes, we next examined whether alterations in circulating leukocytes may be a mechanism that contributes to the differences seen with chronic HFD feeding in male and female mice. Whereas ND female and male mice had similar CD115 ϩ monocytes in the blood (Fig. 4J) , HFD increased the total circulating monocyte pool in males but not females. Classical Ly6c hi monocytes trended toward being higher in lean males compared with females ( Fig. 4K ). HFD feeding decreased the quantity of circulating Ly6c hi monocytes in males after 16 weeks but not in females.
The accumulation of ATMs might be potentiated in males based on fundamental differences in myeloid cell function or production from the bone marrow. To assess this, we quantified hematopoietic stem cells and myeloid progenitors in the bone marrow of the mice. In ND-fed male and female mice, no significant differences were noted in the quantity of lineagenegative progenitors, LSK (Lin Ϫ Sca1 ϩ Kit ϩ ) stem cell-enriched populations, or long term HSCs (Lin Ϫ Sca ϩ Kit ϩ Endoglin ϩ CD150 ϩ ). However, with HFD exposure, there was a significant increase in Lin Ϫ , granulocyte-macrophage progenitor (GMP), pre-granulocyte-macrophage, and HSC populations in males on HFD, with a marginally significant increase in LSK in males but not in females (Fig. 4L ). This demonstrates a coupling between the HFD-induced accumulation of CD11c ϩ ATMs and myeloid progenitor expansion in male mice that was not observed in female mice.
Male Mice Are More Sensitive to ATM Accumulation with Short Term DIO Compared with Females-Given that during short term diet exposure, males and females had similar weight gain and hyperglycemia without the generalized obesity and obesity-induced hyperinsulinemia, we wanted to use this paradigm to assess whether inflammation occurred in a sexually dimorphic fashion before obesity. Gene expression analysis identified significant increases in Tnfa and Il6 in males but not females with short term HFD. HFD increased H2Ab1 expression in GWAT in both sexes. As in long term diets, Il10 was not changed significantly by 6 weeks of HFD (Fig. 5A) .
We next evaluated ATM accumulation in this short term paradigm. At this younger age, males and females had similar numbers of total and CD11c ϩ ATMs on normal chow. Male mice had significant expansion of ATMs as a percentage of the SVF after 6 weeks of HFD. This was due to an accumulation of CD11c ϩ ATMs that was not seen in female mice at this time point. ND males and females had similar numbers of CD11c ϩ ATMs. In this short term diet challenge, both males and females had an expansion of CD11c Ϫ ATMs with a more prominent induction of CD11c Ϫ ATMs in females (Fig. 5B ). This demonstrates that CD11c ϩ ATM accumulation in males is a relatively early event after the start of HFD.
To examine the impact of short term HFD feeding on circulating myeloid cells, we assessed blood monocytes in male and female mice after 6 weeks of HFD. Male mice had significantly lower circulating CD115 ϩ monocytes, but in both sexes, this short term diet challenge did not significantly change the number of CD115 ϩ monocytes (Fig. 5C ). Males had a significantly higher proportion of Ly6c hi monocytes in lean and obese states after HFD (p Ͻ 0.0001) (Fig. 5C ).
We next quantified the hematopoietic stem cell and myeloid progenitors after short term diet challenge. After short term HFD, there were trends toward lower myeloid precursors (GMP, LSK, and HSC) numbers within the bone marrow compartment in both males and females (Fig. 5D ). This demonstrates that with short term HFD exposure, male mice have an accentuated macrophage response in adipose tissue but do not yet have expansion of myeloid precursors within the bone marrow compartment.
HSCs from Male Mice Have a Cell-autonomous Preferential Capacity to Generate Myeloid Cells in Response to Obesity Compared with Female HSCs-The observation of the induction of
ATMs only in male mice despite similar adipocyte hypertrophy at 16 weeks of HFD in females suggests that sex differences in myeloid activation are critical to generating adipose tissue inflammation in obesity. However, given that males weight consistently more then females with HFD, it is difficult to delineate whether the sex differences in inflammation is dependent on or independent of the increased adiposity in males. To test whether sex differences in myeloid activation are intrinsic or extrinsic to HSCs, we examined the differential capacity of male and female HSCs to respond to obesity in a competitive bone marrow transplantation experiment that enables us to differentiate sex differences in hematopoietic cell function in the same recipient mouse (Fig. 6A ). We used congenic CD45 variants as sources of donor marrow; male donors were CD45.2, female donors were CD45.1, and recipients (male or female) were heterozygous CD45.1/CD45.2 double-positive (27) . BM from age-matched male and female donor mice were mixed in a 1:1 ratio and injected into lethally irradiated male or female recipients. Analysis of leukocytes in the chimeras was based on examining the ratio of CD45.2 ϩ (male) to CD45.1 ϩ (female) cells with an expected ratio of 1 if there is equal contribution from male and female donor BM. An increase in the CD45.2/ CD45.1 ratio to Ͼ1 would indicate a preferential contribution of male donor cells to a particular leukocyte population, whereas a ratio of Ͻ1 would indicate a preferential contribution of female marrow. Male and female recipients were independently evaluated to identify the importance of stromal (nonhematopoietic) factors in influencing sex differences in the inflammatory response to obesity. 6 weeks after BM transplantation, chimeras were fed a HFD. Both male and female chimeras gained similar weight (males 69 Ϯ 11.9% (S.D.) and females 58 Ϯ 17% (S.D.), p ϭ 0.16), but male mice weighed more at all time points compared with females ( Fig. 6A ). There were no significant differences in total leukocyte numbers (neutrophils or monocytes) between male and female recipients (not shown). Analysis of CD45 ϩ blood leukocytes (Fig. 6B ) prior to HFD exposure showed a significant increase in the CD45.2/CD45.1 ratio to Ͼ1 in male recipients but not females (Fig. 6C ). This suggests that stromal signals from males, but not females, promote a preferential reconstitution of male BM cells in lethally irradiated hosts. After 2 weeks of HFD, the CD45.2/CD45.1 ratio was Ͼ1 for both male and female recipients. The male predominance in contributing to leukocyte production with HFD exposure was particularly striking in Ly6c hi monocytes (Fig. 6D) . The preferential contribution of male donors to leukocyte populations was limited to myeloid populations because CD3 ϩ lymphocytes in the chimeras were derived equally from male and female donors in male mice and did not change with HFD (Fig. 6E) . Skewed contribution toward the female donor lymphocytes (ratio Ͻ1) was observed in female recipients.
After 16 weeks of HFD, ATMs were assessed in the chimeric mice for donor contribution (Fig. 6F) . In contrast to the nonirradiated mice (Fig. 1) , male and female radiation chimeras demonstrated similar numbers of total ATMs in gonadal adipose tissue with DIO. When ATM subsets were analyzed, female recipients had a marginally significant trend toward fewer CD11c ϩ ATMs (p ϭ 0.07) and dendritic cells (CD64 Ϫ CD11c ϩ ) (p ϭ 0.07) (Fig. 6G) . When the donor chimerism of ATM subsets was assessed, the CD45.2/CD45.1 ratio was significant Ͼ1 for total, CD11c ϩ , and CD11c Ϫ ATMs in both male and female recipients (Fig. 6H) . For dendritic cells, the CD45.2/ CD45.1 ratio was Ͼ1 for male recipients but not in females.
Overall, this finding suggests that male hematopoietic cells have a cell-autonomous advantage over female hematopoietic cells to traffic to adipose tissue and generate ATMs independent of sex-specific stromal (non-hematopoietic) signals.
To examine whether the peripheral effects on ATMs could be related to changes in the reconstitution of the BM compartment, we phenotyped the chimerism of BM progenitors. Comparing male and female recipients, there was a significant increase in the quantity of Lin Ϫ progenitors and several myeloid progenitor populations (pre-granulocyte-macrophage) in male mice (Fig. 6I ). This was similar to the results seen in nonirradiated mice, suggesting that the female stromal compartment is less capable of supporting hematopoiesis compared with males. When chimerism was assessed, the CD45.2/CD45.1 ratio was Ͼ1 for LT-HSCs regardless of the sex of the recipient. In female mice, the CD45.2/CD45.1 ratio was Ͼ1 in LSK, GMP, myeloid progenitor, and LT-HSC populations (Fig. 6J) . Overall, these findings suggest that male hematopoietic cells have a cellautonomous advantage over female hematopoietic cells stimulating myelopoiesis in response to DIO.
Male Bone Marrow Is Primed to Make More Activated Myeloid Cells in Response to LPS and Palmitic Acid-As a potential mechanism for the expansion of myeloid progenitors, we examined the hypothesis that saturated fatty acids may alter HSC progenitor production and explain differential effects between sexes. BM from male and female mice was isolated and analyzed in in vitro granulocyte-macrophage colony-forming unit (cfu-GM) assays with and without stimulation with palmitic acid. No differences in cfu-GM were observed between untreated male and female BM. Palmitic acid treatment increased cfu-GM in both female and male BM, with more cfu-GM counts in males compared with in females (Fig. 7A) . Similarly, male and female BM from HFD-fed animals produced an increased quantity of myeloid colonies, but fewer cfu were generated in HFD females compared with males ( Fig. 7B ). Because BM leukocytes themselves appeared to be different between males and females in vivo, we evaluated whether there are intrinsic differences in myeloid cell inflammatory gene expression between males and females. Bone marrow macrophages and bone marrow-derived dendritic cells were differentiated from both sexes and examined in vitro after stimulation with LPS. Gene expression showed that male bone marrow macrophages and bone marrow-derived dendritic cells produced more Tnfa and IL6 compared with females ( Fig. 7, C and D) . LPS stimulation induced Mcp1 gene expression similarly in both male and female cells. Overall, these studies identify fun- damental differences in proinflammatory gene expression activation profiles between sexes in macrophages that can be traced to BM progenitors as a mechanism of the protection from obesity-induced inflammation.
Discussion
Obesity is a leading cause of metabolic and cardiovascular disease, but there appear to be targeted populations of individuals at increased risk for these diseases. Identifying individuals protected from disease may help in identification of novel treatment approaches for those at risk. Women of reproductive age are protected from cardiovascular and metabolic disease, but it has not been clear what mechanisms drive this. It was initially thought that estrogen alone explained these differences, but given that replacement therapy did not improve disease risk (2, 28) , it appears that there are other inherent differences in males and females driving risk for obesity-associated disease.
Whereas previous studies have identified differences in male and female adipose tissue biology through gene expression profiles and lipid processing, a thorough comparison of leukocyte development and adipose tissue macrophages in obese males and females has not been directly investigated. Our findings show that sex differences in myeloid cell production and maturation of proinflammatory ATMs are one factor that may explain prior observations. Despite similar adipocyte hypertrophy, female mice are protected from inflammatory changes in adipose tissue similar to other reports (29, 30) . Given that short and long term HFD studies cannot distinguish whether the enhanced ATM myeloid activation in male mice is merely due to the increase in adiposity and lower energy expenditure or to insulin resistance seen in males compared with females, we performed a competitive BMT experiment that permitted us to compare myeloid cell activation between sexes in the same recipient. This study identifies fundamental cell-autonomous differences in the response of HSCs to obesity between males and females that generate differential myeloid cell production from the bone marrow niche. Reductions in HFD-induced myelopoiesis in female HSCs were observed when compared with male cells regardless of the sex of the recipient. In addition, sexually dimorphic differences in stromal/non-hematopoietic signals influenced the expansion of myeloid progenitors in the BM niche.
Animal and human studies support the idea that different immune responses by sex may explain sexually dimorphic dis- ease risk (17, 31) . Although this has not been fully explored in the context of obesity, it supports the concept that immune system responses play a role in sex differences in metabolic disease. Female mice are generally protected from adipose tissue inflammation. Hormonal factors may play a role in this protection because ovariectomy induces a partial change to a male obese phenotype (12) and increased inflammation. Inflammatory factors, such as altered MCP-1, have also been shown to play a role in sex differences in myelopoieis (32) , as is seen in our studies as well with female mice having lower MCP1 and protection from insulin resistance and dampened inflammation. Our observations align with known differences in immune activation between sexes because studies have shown that females are at greater risk for autoimmune disease (31), whereas males are at greater risk for sepsis and cardiovascular disease (33) . It is important to have a clear understanding of these differences in DIO models because animal studies primarily utilize male mice to investigate obesity and inflammatory mechanisms due to their increased weight gain and insulin resistance with HFD (14) , which may misrepresent what is occurring in females. The need for a change in the convention of exclusively examining male mice in obesity studies has also come to light in upcoming policy changes by the National Institutes of Health requiring an improved balance of male and female animals in preclinical studies (34) . This is important in obesity research, given that many of the studies examining adipose tissue obtained at the time of bariatric surgery are from cohorts that are predominantly female (21) .
Although the studies presented here show intrinsic leukocyte differences, one potential pitfall of our BMT approach is that irradiation is likely to alter the estrogen production, which may alter estrogen signaling and macrophage polarization, which may not be seen here (35) . Given the likely hypoestrogenic state of these animals, it is interesting that the effects were still persistent, suggesting non-estrogen-mediated influences on hematopoiesis. It is also possible that the estrogen receptor (ER␣) located on hematopoietic cells (36) may be stimulated by other ligands that suppress stimulation of myelopoiesis in females other then estrogen itself. Overall, however, these inflammatory effects are probably multifactorial, given a variety of inflammatory mediators, including adipokines, altered in males and females (37) after diet exposure.
Another contributing factor is that male mice have been shown to be sensitive to TLR4 activation in obesity, whereas females appear to be relatively protected (38) . Given the presence of TLR4 on HSCs and its role in activating myelopoiesis (39) , this may further explain why female mice have a reduced inflammatory leukocyte production with diet-induced obesity and is consistent with our cfu-GM studies (Fig. 7, A and B) . Whereas in male mice, TLR4 activation is linked to myelopoiesis, Calippe et al. (40) identified that estrogen signaling itself may influence TLR presence and activation state, and further studies have shown an effect of LPS responsiveness being reduced in females (41, 42) . These studies demonstrated that ER␣ activation itself stimulates TLR production of cytokines, priming the system for future dietary challenge. This finding is inconsistent with other findings and emphasizes that there are probably hormonal, signaling, and immune system factors that lead to altered diet responses in females.
Our studies show that there is a sexually dimorphic process of generation of myeloid cells, with males producing inherently proinflammatory factors compared with females. Recent human studies have found that hypogonadal males have a worse body composition due to both estrogen and androgen deficiency (43) . Overall, our studies emphasize the importance of sex-specific investigations, because specified treatment strategies for the immune sequelae may need to be considered in male and female obese patients. It also has implications for the design and interpretation of preclinical studies of immunometabolism in mice. Further, it is important to investigate whether these altered findings of diet-induced inflammation have ramifications for interpreting inflammation in non-obese settings.
